Thermal power units which connected to power grid through the series compensated transmission may produce electromechanical torsional vibration interaction. Under certain conditions, the torsional vibration still exists by the wind-thermal bundled power transmission system. With the increase of wind turbine capacity, the electromechanical torsional vibration enhances the role. First of all, the dynamic model of the wind-thermal bundled system is established, including the wind turbine shaft model, the pitch angle control system model, the doubly-fed generator model, the converter control model, the series compensation line model and the rotor shaft model of the thermal power units. Then, the eigenvalue analysis is used to calculate the eigenvalues of the system under different wind-thermal bundled ratios. Finally, the DIgSILENT simulation software is used to obtain the electromagnetic torque response of the turbine generator and the current response of the series compensated lines. Furthermore, the results of eigenvalue analysis are verified by performing spectrum decomposition of the time domain data.
INTRODUCTION
In order to improve the transmission capacity of the line and enhance the stability of the power grid, capacitor series compensation is often performed on the transmission line. However, excessive series compensation capacity may cause Sub-Synchronous Resonance (SSR) of the transmission side of the thermal power units, which may lead to the rupture of the large shaft in case of serious threats, thereby threatening the safe operation of the system [1] [2] . The SSR is usually analyzed by eigenvalue method, complex torque coefficient method and time domain simulation method. Among them, eigenvalue analysis is widely used. Literature [3] [4] pointed out that eigenvalue analysis can study the torsional vibration characteristics of turbine generator shaft. Wind power gets more and more attention and is large-scale development and utilized. Statistics showed that in 2016, the proportion of wind _______________________ power generation in the country's total generating capacity was more than 5% [5] . When the power is sent by wind-thermal bundled system, if there is capacitor series compensation in the transmission line, it may still cause SSR. Furthermore, the different wind-thermal bundled ratios will produce different influences on the SSR of the turbine generator. Literature [6] considered the oscillation caused by the wind farm connected to an infinite power grid, and analyzed the effect of changing wind speed, series compensation degree and controller parameters on the Sub-Synchronous Oscillation (SSO) of wind turbines. However, in the literature, only the single wind farm was taken as the research object, it did not consider the impacts of wind turbines on the thermal power units when wind and fire were bundled. Therefore, it is necessary to study the law of torsional vibration of the thermal power units caused by the wind-thermal bundled which connects to the power grid through the series compensated lines, then effectively suppressing the SSR of the turbine generator, ensuring the safe and stable operation of the power system.
Based on the IEEE first benchmark model for SSR, a wind-thermal bundled power transmission system model is established, and the effect of the different wind-thermal bundled ratios on the SSR of the thermal power units is analyzed. The eigenvalue analysis is used to distinguish different Sub-Synchronous Oscillation modes from the wind-thermal bundled power transmission system, and then the spectrum decomposition is performed using the time domain simulation data of DIgSILENT and compared with the results of eigenvalue analysis.
ELECTROMECHANICAL TORSIONAL VIBRATION INTERACTION OF THERMAL POWER UNITS
Sub-Synchronous Oscillation is an abnormal condition that occurs when a turbine generator is disturbed at the operating point under special operating conditions. Under this operating condition, a significant energy exchange is performed between the electrical system and the turbine generator at one or more frequencies below the synchronous frequency of the system. Among them, the interaction between the mechanical system (turbine generator) and the capacitor series compensation grid is called electromechanical torsional vibration interaction [7] [8] . When generator is connected to the grid, if a small oscillation   of m f occurs at the rotor, the voltage and current components whose frequency are 0 m ff  will be generated at the stator winding. If will be in phase with the rotor oscillations   to drive this oscillation so that its amplitude will continue to increase. The oscillation of the IEEE first benchmark model belongs to the electromechanical torsional vibration interaction.
DYNAMIC MODELING OF THE WIND-THERMAL BUNDLED POWER TRANSMISSION SYSTEM
In this paper, a wind-thermal bundled system model is established. As shown in Figure 1 , the turbine generator G access to the bus A through the transformer 1 T ; DFIG is doubly-fed wind farm, it accesses to the bus A through the transformer 2 T . Both of them transmit power to the infinite power grid E through the series compensation lines. represent the transmission line resistance, reactance, the capacitance of series compensation capacitor and infinite system reactance respectively. In this paper, the equivalent model of two masses is adopted to consider the influence of the flexibility of the transmission chain. Two masses shaft model is shown in Figure 2 , and the dynamic model of wind turbine shaft is established equation ( Figure 2 . Wind turbine shaft model. Pitch angle control block diagram is shown in Figure 3 . The dynamic equation of the pitch angle control system is established:
Where, T  is the regulation time constant of the pitch system;
is the given value of the pitch angle, whose value is obtained from the speed deviation through PI controller;  is the output value of the pitch angle. Doubly-fed generator has the same structure with the wound induction generator. The generator stator isdirectly connected to the power grid. The rotor accesses to the grid through the rotor-side converter, the grid-side converter and the transformer. The stator flux sd  , sq  and rotor current rd i , rq i are selected as the state variables to establish the dynamic mathematical model of doubly-fed generator under the synchronous rotating reference frame, and the equation of state is taken as an incremental form: 
Where, The rotor-side converter controls the excitation voltage of the rotor to realize the decoupling control of the active and reactive power. The effect of the grid-side converter is to maintain the stability of the DC bus voltage. When analyzing the sub-synchronous characteristics of the doubly-fed wind farm via series compensation system, the effect of grid-side converter is neglected. Rotor-side converter uses stator voltage directed vector control strategy, the control block diagram shown in Figure 4 . The dynamic mathematical model of the rotor-side converter is established: A typical large thermal power unit shafting uses a six-masses model. The dynamic mathematical model of turbine generator shaft system is established: 
are the dq axis components that flows through the line current; 
EIGENVALUE AND TIME DOMAIN SIMULATION ANALYSIS OF WIND-THERMAL BUNDLED SYSTEM
The system model is shown in Figure 1 . The system baseline capacity is 892.4MVA which is also the rated capacity of the thermal power units, the nominal frequency is 60Hz, d axis synchronous reactance of the turbine is . Parameters of shaft system of turbine generator see literature [9] . Rated wind speed is11m/s, rated voltage of the wind speed is 3.3KV, the reactance of transformer 2 T is 2 =0.06 T X . Ratio coefficient of power outer loop of rotor side converter is
Transmission line rated voltage is 500kV, line complementarity of the system is 0.6 K  , electrical oscillation frequency of the system is .
Eigenvalue analysis of the wind-thermal bundled system
From (1) 1  2  3  4  5  6  1  2  3  4  5  6 , , ,
is the feature matrix of the system. The stability of the nonlinear system after small disturbance can be determined by the eigenvalues of the feature matrix sys A of the linear system linearized from the nonlinear system according to the principle of Lyapunov.
In order to analyze the influence of different wind-thermal bundled ratios on the Sub-Synchronous Resonance of the turbine generator accurately, the degree of complementarity of the line is kept unchanged while the total power transmitted by the series compensating line is also kept unchanged. The wind turbine capacities connected to power grid are 0MW, 100MW and 300MW respectively, and the thermal units capacities connected to power grid are 803MW, 703MW and 503MW respectively. The Sub-Synchronous Resonance frequencies of the shaft of the turbine generator are calculated according to the system characteristic matrix equation as shown in Table 1 .
As can be seen from Table 1 , the capacity of wind turbine is 0MW and the system is equivalent to the IEEE first benchmark model for SSR and five Sub-Synchronous Resonance modes are obtained. By contrasting the Table 1 , the imaginary part of the eigenvalues remain unchanged, indicating that Sub-Synchronous Resonance modes will not be changed after the wind turbine connected to power grid. However, with the increasement of wind turbine capacity, the real part of all eigenvalues will decrease and the damping of system will also be reduced. The reason is that the resonant current generated by the system flows through the stator of the generator to sense the sub-synchronous current corresponding to the frequency on the rotor, and the power and current signals detected by the rotor-side converter will be changed. By adjusting the output voltage of the inverter, the current of the sub-synchronous frequency of the rotor increases. The controller of the doubly-fed wind turbine and the series compensation capacitor mutually stimulate with each other, resulting in oscillations of current and power in the system and causing the whole system instability. 
Time domain simulation analysis of the wind-thermal bundled system
For the different wind-thermal bundled ratios, a three phase short circuit fault occurs at the bus bar B shown in Figure 1 at 0.3s, and the duration was 0.075s. We can select electromagnetic torque response of the turbinegenerator and current response of A phase series compensated line as objects of observation, and perform spectrum decomposition respectively. Comparing the different wind-thermal bundled ratios in Figure 7 , the spectrum decomposition of the electromagnetic torque of the turbo generator shows that with the increasement of wind farm grid capacity, turbine generator shaft oscillation was aggravated, but the frequency of oscillation was not affected. This result was consistent with the eigenvalue analysis.
CONCLUSION
In this paper, the eigenvalue analysis method was used to get the eigenvalues of the wind-thermal bundled power transmission system. Based on the IEEE first benchmark model for SSR, the wind-thermal bundled power transmission system were established on the DIgSILENT software. According to different wind-thermal bundled ratios of the wind-thermal bundled transmission system, time domain simulation is carried out. The following conclusions were drawn: 1) When only the thermal power units are connected to the grid (the capacity of wind turbine is 0MW), due to the unreasonable compensation of series compensation lines, the electrical and mechanical systems may interact to cause the Sub-Synchronous Resonance in the system. 2) For the wind-thermal bundled power transmission system, the presence of wind turbine makes the thermal power units electromechanical torsional vibration interaction to enhance. Furthermore, the increasement of wind turbine capacity leads to the decrease of damping of thermal power units and the increasement of the amplitude of Sub-Synchronous Resonance current. 3) From the eigenvalue analysis and time domain simulation of the wind-thermal bundled power transmission system, it can be found that wind turbine connected to power grid does not change the Sub-Synchronous Resonance frequency of the system. This work is supported by Science and Technology Project of Jiangsu Electric Power Company (J2017046) and Six Talent Summit Project Funding of Jiangsu province (XNY-020). 
